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ABSTRACT
In this article, we proceed to study convection as a possible factor of episodic accretion in
protoplanetary disks. Within the model presented in Article I, the accretion history is analyzed
at different rates and areas of matter inflow from the envelope onto the disk. It is shown that the
burst-like regime occurs in a wide range of parameters. The long-term evolution of the disk
is also modeled, including the decreasing-with-time matter inflow from the envelope. It is
demonstrated that the disk becomes convectively unstable and maintains burst-like accretion
onto the star for several million years. Meanwhile, the instability expands to an area of several
tens of astronomical units and gradually decreases with time. It is also shown that at early
stages in the disk evolution, conditions arise for gravitational instability in the outer parts
of the disk and for dust evaporation in the convectively unstable inner regions. The general
conclusion of the study is that convection can serve as one of the mechanisms of episodic
accretion in protostellar disks, but this conclusion needs to be verified using more consistent
hydrodynamic models.
DOI: 10.1134/S1063772920110050
1 INTRODUCTION
The formation and evolution of protoplanetary disks (PDs) around
young stars is one of the most intriguing topics in astrophysics.
In the earliest evolution stages, many young stellar systems show
signs of episodic 1 accretion; these objects are known as FUors and
EXors (see, e.g., (Hartmann & Kenyon 1996; Audard et al. 2014)).
There are theoretical agruments to believe that all PDs go through a
phase of episodic accretion at initial stages in their evolution, which
explains the variable luminosity of young stellar objects (Hartmann
1998). However, the physical mechanisms of this variability remain
debatable. The variability problem is closely related to the more
general question about the mechanisms of angular momentum
transfer in accretion disks. Vigorous discussions have taken place
regarding the possible mechanisms that not only ensure the transfer
of angular momentum in disks but also cause the nonsteady accre-
tion pattern and involve such factors as gravitational, magnetoro-
tational, and thermal instabilities (see (Audard et al. 2014)). Thus,
the nonsteady pattern of accretion caused by gravitational instabil-
ity is associated with the clump formation and their falling onto
the star, leading to luminosity bursts (see, e.g., (Vorobyov & Basu
2006). The burst-like pattern caused by magnetorotational insta-
bility is due to the positive feedback link of this instability to the
ionization degree of matter (Zhu et al. 2009). Thermal instability is
caused by an increase in gas opacity with increasing temperature in
partially ionized gas (Kley & Lin 1999).
Convection is also considered as one of the mechanisms
responsible for the turbulization of matter in accretion disks
(see, e.g., (Lin & Papaloizou 1980; Shakura & Postnov 2015;
Malanchev, Postnov & Shakura 2017; Held & Latter 2018)). In our
previous work (Pavlyuchenkov et al. 2020), which will be referred
to below as Article I, we demonstrated that convective instability
can also lead to a nonsteady pattern of accretion. Within the vis-
cous disk model, we showed that in the presence of background
viscosity, convection is a process with a positive feedback due to
an increase in the opacity of gas-and-dust medium with increas-
ing temperature and can therefore be responsible for bursts and
episodic accretion in PDs. However, we neither investigated how
the model parameters influence this conclusion nor studied the na-
ture of episodic accretion for different rates of matter inflow from
the envelope.
The aim of our work is a more detailed study of the nonsteady
accretion regime that was obtained in Article I. The present article
is organized as follows. Section 2 gives a brief description of the
model. Section 3 examines the effect of the model parameters on
the accretion pattern within the simplest description of matter in-
flow from the envelope, which is used in Article I. Section 4 studies
the disks long-term evolution with a more realistic description of
matter accretion from the envelope. The conclusions section sum-
marizes the results of this study.
2 MODEL DESCRIPTION
In this work, we use the PD evolution model from Article I. Here,
we outline only the key elements of this model. We consider an ax-
ially symmetric, geometrically thin viscous Keplerian disk without
a radial pressure gradient. The evolution of the surface density of
the disk is modeled using the Pringle equation (Pringle 1981), con-
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sidering the accretion of matter from the envelope onto the disk:
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RΣ
)]
+W (R, t), (1)
where Σ(R, t) is the surface viscosity; R is the distance to the star; t
is time; ν(R, t) is the kinematic viscosity coefficient; and W (R, t) is
the matter inflow from the envelope under the assumption that the
specific angular momentum of the settling matter coincides with
that in the disk. To identify convectively unstable regions in the
disk, radial evolution is modelled in parallel with reconstructing
the disks vertical structure. In the approximation of a hydrostatic-
equilibrium disk, the density and temperature distributions are cal-
culated in the polar direction. The main factor governing the disk
evolution within this model is the dependence of the viscosity co-
efficient ν(R, t) on the radius. The model assumes that the viscos-
ity coefficient is a sum of the background and convective viscosity
(the idea of convection-related additional viscosity in circumstel-
lar disks is discussed in more detail in (Lipunova & Shakura 2003;
Hirose et al. 2014; Coleman et al. 2016)):
ν(R, t) = νbg(R)+ ν˜c(R, t). (2)
The background viscosity is associated with some nonconvec-
tive mechanism of angular momentum transfer (e.g., with magne-
torotational instability (Balbus & Hawley 1991; Hawley & Balbus
1991)) and ensures continuous gas accretion. This viscosity is given
as
νbg(R) = ν0
(
R
1 AU
)β
, (3)
where the parameter β = 1 is chosen to reproduce the density dis-
tribution law in the observed PDs (Williams & Cieza 2011). The
source of convection in this model is the heat release due to vis-
cous dissipation of gas:
Γvis =
9
4
GM∗
R3
νΣ, (4)
where Γvis is the rate of viscous dissipation per unit area of the disk
at a given radius and M∗ is the mass of the star.
The convective viscosity νc is nonzero in convectively unsta-
ble regions and is calculated as
νc = γHVc, (5)
where γ is the mass fraction of matter in a convectively unstable
region at a given radius, as calculated from the procedure of recon-
structing the disks vertical structure; H is the local disk height; and
Vc is the characteristic velocity of convective elements. Hereafter,
the calculated convective viscosity νc is smoothed in the radial di-
rection on the scale H, forming ν˜c in (2). In Article I, we derived
the characteristic velocity Vc under the assumption that all the en-
ergy released as a result of viscous dissipation transforms into the
kinetic energy of its convective motion, which is the upper esti-
mate for this value. In this work, we introduce a coefficient η 6 1,
which characterizes the transition efficiency of the thermal energy
into convective motion:
ηΓvis =
ρ0V
2
c
2
Vc, (6)
where ρ0 is the equatorial density.
When reconstructing the disks vertical structure, we consider
the heating by radiation from the central object along with the vis-
cous gas dissipation. The luminosity of the central source consists
of the photospheric luminosity of the star (which is assumed to be
equal to that of the Sun) and the accretion luminosity, which is cal-
culated by the formula
Lacc =
1
2
GM∗M˙∗
R∗
, (7)
where R∗ is the stellar radius and M˙∗ is the rate of accretion from
the disk to the star.
When solving Eq. (1), we use a fixed value of surface density
on the inner (0.2 AU) and outer (200 AU) boundaries of the model
disk. The density values at the boundaries were chosen compara-
tively small, which ensures free outflow of matter from the region
under consideration. As noted in Article I, more complex bound-
ary conditions require separate study. The importance of the inner
boundary condition in PD modeling is the central topic of research,
e.g., in (Vorobyov et al. 2019).
In this work, we study the effects of the four model parame-
ters on the manifestation of the episodic accretion pattern: (1) the
accretion rate from the envelope onto the disk, M˙; (2) the accumu-
lation region, onto which matter from the envelope accretes, Rring;
(3) the back- ground viscosity ν0; and (4) the convection efficiency
coefficient η. In Article I, we set a constant inflow of gas from the
envelope onto the disk into a ring between 10 and 20 AUwith an ac-
cretion rate of 10−7 M⊙/yr, and we also used the coefficients ν0 =
1015 cm2/s and η = 1. This model will be referred to below as the
basic model. In this work, we consider models with accretion rates
differing from the basic one by two orders of magnitude in both di-
rections, which corresponds to the spread of the accretion rates ob-
served in PDs (Natta, Testi & Randich 2006; Ercolano et al. 2014).
Along with an accumulation region of 1020 AU, we also consider
a case where gas accretes onto the disk into a ring between 1 and
2 AU, which is more typical of initial stages in the evolution of
PDs.
Another important parameter of the model is background vis-
cosity, which predetermines the lifetime and disk mass. In the basic
model, we use ν0 = 10
15 cm2/s, which corresponds to a relatively
high, turbulent viscosity. Based on the estimates from Article I,
the corresponding alpha parameter of turbulent viscosity (Shakura
1972; Shakura & Sunyaev 1973) is α = 0.1. In the present article,
we also consider a model with background viscosity an order of
magnitude smaller than the basic one; this smaller background vis-
cosity is closer to the observed estimates for evolved PDs. The con-
vection efficiency coefficient η = 1, taken in the basic model, in-
tentionally overestimates the transition of thermal energy into con-
vective energy since it does not account for that a part of the en-
ergy must be transferred by radiation. The question arises: Will the
bursts caused by convection disappear if a considerable part of the
released energy is transferred by radiation? To answer this question,
we examined a model with η= 0.1. Table 1 presents the parameters
of the models, and Section 3 describes the modeling results.
In addition to these models, we considered a model for study-
ing the long-term evolution of the disk with a more realistic accre-
tion rate and accumulation region, the parameters of which change
with time. The function W (R, t), which corresponds to the latter
case, and the results are described in Section 4.
3 DISK ACCRETION REGIMES
This section presents the results for the models with a constant (in
time and space) inflow of matter from the envelope onto the disk.
The corresponding rate of matter inflow inside the accumulation
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Table 1. Parameters of the models under consideration
Model M˙, Rring, η ν0/10
15 ,
# M⊙/yr AU — cm2/s
1 10−9 10−20 1 1
2 10−7 10−20 1 1
3 10−5 10−20 1 1
4 10−9 1−2 1 1
5 10−7 1−2 1 1
6 10−5 1−2 1 1
7 10−7 10−20 1 0.1
8 10−7 10−20 0.1 1
region is
W (R, t) =
M˙
pi(R2ring,2−R2ring,1)
, (8)
where M˙ is the integral rate of inflow from the envelope onto the
disk; Rring,1 and Rring,2 are the inner and outer radii of the accu-
mulation region. We conducted the modeling until the onset of the
bursts, if any occurred, and studied the characteristics of the ap-
pearing bursts. Thus, we ignored the subsequent evolution of the
disk. In the calculations, we assumed the mass (M∗ = 1M⊙), ra-
dius (R∗ = 1R⊙), and luminosity (L∗ = 1L⊙) of the central star
to be constant. Meanwhile, we considered the variability of the in-
tegral luminosity of the central object due to the matter accretion
from the disk onto the star (see formula (7)).
3.1 Models with an Outer Accumulation Region
We consider modeling results for cases with an outer accumulation
region (Rring = 10−20 AU), which differ in the accretion rates from
the envelope (Models 1, 2, and 3) under the fixed ν0 = 10
15 cm2/s
and η= 1. The evolution of the surface density distributions and the
rates of gas accretion from the disk onto the star for these models
are shown in Fig. 1. Model 1, with 10−9 M/yr (Fig. 1, top panel),
sets a quasi-stationary regime, as seen from the time dependence
of M˙. The density distributions for different times have a smooth
shape with small features near the accumulation region and the
disks inner boundary, which are due to the boundary conditions.
Given this relatively low accretion rate, convectively unstable re-
gions do not appear in the disk, and its evolution is fully defined
by the background viscosity. The accretion rate from the disk onto
the star approaches a stationarity with a value close to the rate of
matter inflow from the envelope.
When the rate of gas inflow onto the disk increases to
10−7 M⊙/yr (Model 2), this creates an episodic pattern of accretion
in the disk. These parameters correspond to the basic model from
Article I, which analyzes it in detail. Over time, matter accumu-
lates in the inner region of the disk, after which this region becomes
convectively unstable. In the convectively unstable region, the to-
tal viscosity increases by about two orders of magnitude, leading
to a relatively rapid discharge of matter onto the star. The middle
panel in Fig. 1 (left column) shows density distributions for several
times, which illustrate this process. The accumulation phase lasts
∼3000 years; the convective phase lasts ∼250 years.
A further increase in the gas inflow rate from the envelope
onto the disk to 10−5 M⊙/yr (Model 3; Fig. 1, bottom panel) leads
to an increase in the frequency of accretion bursts and in the max-
imum accretion rate. With an increased inflow of matter from the
envelope, the accumulation time of matter before the onset of con-
vective instability decreases (∼700 years), while the maximum ac-
cretion rate onto the star during the convective phase increases by
two orders of magnitude, compared with the basic model. It should
also be noted that the minimum accretion rates (between the bursts)
in Models 2 and 3 are comparable.
3.2 Models with an Inner Accumulation Region
Here, we consider the results for the models with an inner accu-
mulation region (Rring = 1− 2 AU, ν0 = 1015 cm2/s, η = 1) and
different rates of accretion from the envelope: M˙ = 10−9 , 10−7 ,
and 10−5M⊙/yr (Models 4, 5, and 6, respectively). The radial dis-
tributions of surface density and the rates of matter accretion from
the disk onto the star for this model set are shown in Fig. 2. In the
case of M˙ = 10−9M⊙/yr (Model 4), it is evident that convectively
unstable regions do not appear. In complete analogy with Model 1,
the density distributions have features near the disk boundaries and
the accumulation region.
Let us highlight several differences between Models 5 and 2,
which both have an external inflow with a rate of 10−7M⊙/yr. First,
we should note a decrease in the accumulation phase duration by
about an order of magnitude (to∼250 years) and a reduced convec-
tive phase (the burst lasts approximately one fifth of the time in the
basic model, i.e., 50 years instead of 250). Second, in Model 5, the
maximum level of matter accretion from the disk onto the central
object is an order of magnitude lower. We should also note that the
burst-like pattern of matter accretion onto the star sets in faster in
the case of an inner accumulation region.
There are far more differences between Models 3 and 6, with
M˙ = 10−5M⊙/yr. In Model 6, the inner region has not enough time
to release the accumulated matter and constantly remains in a state
of convective instability. Nevertheless, the time dependence of the
accretion rate shows relatively weak oscillations in the range from
10−5 to 10−6M⊙/yr (Fig. 2, bottom panel). These oscillations are
due to the unstable outer boundary of the convective zone, which
lies beyond the accumulation region; in this outer zone, matter ac-
cumulates and discharges in the same way as the inner regions in
the basic model of the disk.
Let us analyze in more detail the development of bursts in
Models 2 and 5. In Figure 3, we show a more detailed evolution
of the surface density distributions and the time dependence of
the accretion rate in the burst phase. As noted in Article I, during
the convective phase, the density distributions have peaks, which
are essentially the convection propagation fronts. Looking at these
peaks, one can easily identify the position of the convectively un-
stable region. In Model 2, the convectively unstable region appears
near the disks inner boundary (0.2 AU) and expands further out-
wards. This development of the convective region leads to the for-
mation of a Π-shaped profile of the accretion rate (the top right
panel). In Model 5, however, convection initializes in the accumu-
lation region and propagates into the disks inner part. This leads
to the accumulation of matter on the inner front and its sharp dis-
charge onto the star, leading to the formation of a Λ-shaped profile
of the burst. These features of the accretion rate profile may be im-
portant for interpreting observations in young bursting objects.
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Figure 1. Simulation results for disk evolution in the models with an outer accumulation region (the top, middle, and bottom panels for Models 1, 2, and
3, respectively). Left: the radial surface-density distributions illustrating the development of an accretion burst. Time is counted from the end of the previous
accretion burst. The vertical band shows the region of gas accretion from the envelope. Right: the accretion rate of matter from the disk onto the star.
3.3 Effects of the Background Viscosity and the Convection
Efficiency Coefficient
Here, we consider the results of Model 7 (Fig. 4, left panel), in
which the background viscosity is an order of magnitude lower than
in the basic model. The bursts in this model appear at later times
(after 225000 yrs) than in the basic one (around 30000 yrs). In the
case of the reduced background viscosity, the interval between the
bursts increases by a factor of about 20, and so does (i.e., increases
by the same factor) the maximum intensity of accretion during the
burst. In Model 7, the minimum accretion rate decreases tangibly,
to 10−11M⊙/yr. These features are due to the reduced background
viscosity causing a lower rate of viscous dissipation, which enables
the accumulation of large masses in the disk before the onset of
convective instability. Thus, the decrease in the background viscos-
ity does not make the bursts disappear but transforms them into less
frequent yet more intensive events. It should be noted that the du-
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Figure 2. The same as in Fig. 1 for Models 4, 5, and 6 with an inner accumulation region (the top, middle, and bottom panels, respectively).
rations of the bursts in Models 2 and 7 are comparable. During the
convective phase, the main contribution to the viscosity coefficient
ν(R, t) comes from the convective viscosity νc (see formula (2)),
which does not depend on ν0.
The right panel of Fig. 4 shows the accretion rates for the ba-
sic model and for the one with the reduced convection efficiency
coefficient. Evidently, the decrease in η does not make the bursts
disappear either, but it modifies them. The bursts become a quarter
more frequent yet less intensive. The reduced convection efficiency
leads to a lower convective viscosity coefficient νc(R, t) (see for-
mulae (5)-(6)). Since the convective viscosity decreases, the con-
vective phase becomes less intensive. Thus, the disk discharges less
mass during the burst, which leads to smaller intervals between the
bursts.
Note that the model calculations presented here are for illus-
trative purposes only. Their main goal is to demonstrate the possible
role of convection in achieving a nonstationary accretion regime in
accretion disks and to qualitatively assess the importance of cer-
tain parameters. In the above described Models 18, accretion was
set constant in time and space. We performed simulations until the
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Figure 3. Development of an accretion burst in Model 2 (top panel) and Model 5 (bottom panel). Left: the radial surfacedensity distributions (time is counted
from the end of the previous accretion burst). The vertical band shows the gas accretion region from the envelope. Right: the accretion rate of matter from the
disk onto the star. The position and color of the vertical lines corresponds to the distributions in the left panel.
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Figure 4. The accretion rate of matter from the disk onto the star for different models. Left: the basic model (Model 2, ν15 = 1) and the reduced background
viscosity model (Model 7, ν15 = 0.1). The upper abscissa axis corresponds to the basic model; the lower one, to Model 7. Right: the basic model (Model 2,
η = 1) and the model with the reduced convection efficiency coefficient (Model 8, η = 0.1).
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onset of bursts if any appeared, as well as studied their characteris-
tics. However, the further evolution of the disk was not investigated.
In fact, both the accretion rate and the fall area from the envelope
should be changing over time. In the next section, we modeled the
long-term evolution of the disk with the view of this dependence.
4 EVOLUTION OF PDS UNDER A VARIABLE INFLOW
OFMATTER FROM THE ENVELOPE
In order to investigate the long-term evolution of the disk, we need
to specify a realistic function W (R, t), which describes the rate of
matter inflow from the envelope. To calculate this function, we use
an approximation about the conservation of matters local angular
momentum in the accreting envelope, i.e., the residue of the parent
protostellar cloud. Within this approximation, an element of vol-
ume originally located at a distance of l from the polar axis falls
onto the so-called centrifugal radius Rc:
Rc =
l4Ω2
GM∗
, (9)
at which its angular velocity becomes Keplerian. In this relation,
Ω is the initial angular velocity of the element under considera-
tion and M∗ is the current stellar mass. Thus, the model assumes
that the cloud elements settle gradually onto the disk at a local Ke-
plerian velocity, with each cloud element having its own settling
radius, which is calculated from the angular momentums conserva-
tion condition for the cloud element.
If we assume that the original protostellar cloud is spherically
symmetric and rotates in a solid-body manner, then the function
W (R, t) is written as (Hueso & Guillot 2005)
W (R, t) =
M˙(t)
8piR2c(t)
(
R
Rc(t)
)−3/2[
1−
(
R
Rc(t)
)1/2]−1/2
, (10)
where M˙(t) is the current full accretion rate from the envelope onto
the disk; Rc(t) is the boundary of the accumulation region, i.e.,
the centrifugal radius for an accreted element from the equatorial
plane. The functions M˙(t) and Rc(t) can be specified using differ-
ent approaches (Hueso & Guillot 2005). We take these functions by
approximating and extrapolating the numerical simulation results
of a cloud collapse and subsequent accretion of the envelope onto
the star from (Pavlyuchenkov et al. 2015). We can rightfully do so
because aforementioned work used the Lagrange method, which
creates a framework to trace the evolution of individual elements.
In so doing, we used the angular velocity of the original cloud
Ω = 10−14 s−1, which is a characteristic quantity for the cores of
molecular clouds (Belloche 2013). Figure 5 presents the functions
M˙(t) and Rc(t) and shows the shape of the function W (R, t).
The accretion rate from the envelope onto the disk in the range
0.2–0.7 Myr is well approximated by an exponential function. As
we lack data on the subsequent evolution of the envelope, we use
this approximation for larger times as well. The centrifugal radius
increases with time, reaching ≈180 AU at 0.8 Myr. At large times,
we use a constant quantity of 180 AU. It is evident from the shape
of the function W (R, t) that the matter falling onto the disk fills
unevenly in an area inside the accumulation region. Specifically,
the maximum of W (R, t) near zero is due to the fall of matter onto
the disk from the envelopes circumpolar regions.
Within this model, we study the disks long-term evolution;
therefore, we need to consider that the stellar mass increases due
to the matter inflow from the disk. We do so by assuming that the
initial stellar mass is 0.3 M⊙ and increase it in accordance with the
accreted mass. The radius and photospheric luminosity of the star
should also change simultaneously with its mass, but we neglect
this change for the sake of simplicity, assuming that the stellar ra-
dius and luminosity are equal to those of the Sun. As in the con-
stant inflow model, the accretion luminosity of the central object
is variable and is calculated from (7). Note that it is the accretion
luminosity that makes the greatest contribution to the luminosity of
the central object at early stages in the disk evolution. The coeffi-
cients ν0 = 10
15 cm2/s and η = 1 were taken from the basic model
and were time independent.
Let us consider the calculated results for the disk evolution in
this model. Figure 6 shows the time dependence of the accretion
rate from the disk onto the star and the change in the disk mass
with time. The filled area in the accretion rate distribution at 0.17–
3.7 Myr indicates a burst-like accretion regimeat this figure scale,
the numerous bursts merge into a single continuous band. After
3.7 Myr, the bursts cease to occur, and the accretion rate smoothly
decreases with time. A comparison between the accretion rate onto
the star and the rate of matter inflow from the envelope (the dashed
line in Fig. 6, top panel) leads to a conclusion about the impor-
tance of the disk mass accumulation process. In the first million
years, the disk accumulates a considerable mass (see Fig. 6, bottom
panel), and its subsequent evolution is defined by the redistribution
of this mass while the matter inflow from the envelope becomes
negligibly small. In the burst phase, both the maximum and mini-
mum accretion rates decrease smoothly over ≈ 2 Myr, after which
they remain virtually constant until 3.7 Myr. We should also note
that the change in the accretion rate in the quiet phase (t > 3.7 Myr)
agrees well with the analytical dependence M˙ ∝ t−5/4, which de-
scribes a disk with a viscosity distribution of ν ∝ R (see formula (6)
from (Tutukov & Pavlyuchenkov 2004)).
Figure 7 shows characteristic forms of accretion bursts at
times in the neighborhood of 0.4, 1.5, and 3.5 Myr. Evidently, the
bursts have profiles differing from those described by us for the
constant inflow model. Specifically, the bursts at 0.4 and 1.5 Myr
have deep and narrow minima directly before the maximum. Mean-
while, the bursts at 3.5Myr are morphologically similar to those de-
scribed in Section 3 but are of composite nature. These differences
are due to the advanced evolution of the disk and the influence of
its outer parts, i.e., the mass reservoir for convectively unstable re-
gions, which was left out of consideration in the constant inflow
model.
Let us analyze the formation of a burst at a time interval in
the neighborhood of 1.5 Myr as an example. Figure 8 presents the
disks surface density and the total viscosity coefficient ν(R) for
three neighboring times. At the conventionally initial time, the en-
tire inner region up to 30 AU is convective, which is evident from
the high viscosity coefficient (Fig. 8, right panel). Over time, the
size of the convective zone decreases; i.e., its boundary shifts to-
wards the star, reaching 2 AU at time 227 yrs. At time 291 yrs,
the outer boundary of this convective zone contracts to a radius of
0.35 AU and will soon reach the disks inner boundary. It is evi-
dent that by this time, a new convective zone has formed inside
0.7–5 AU. This new convective zone expands in both directions
and will subsequently capture the entire inner zone up to 30 AU.
Thus, the new convective phase in the disk begins to develop be-
fore the previous one comes to an end. It is the short space interval
between the convective zone boundaries (the interval between 0.35
and 0.7 AU in Fig. 8) that creates the deep narrow minimum before
the accretion maximum.
The above results suggest that convection can serve as an im-
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disk). Bottom: the change in the disk mass and stellar mass with time.
portant factor underlying the nonsteady pattern of accretion from
the disk onto the star. Figure 9 (top panel) shows the long-term
evolution of the surface densitys radial distribution and marks con-
vectively unstable regions. Evidently, in the disk evolution process,
the size of the convectively unstable region decreases from sev-
eral tens to several astronomical units, while the phase of episodic
accretion lasts less than 4 Myr. These results are of qualitative na-
ture; however, our model has several serious limitations, which are
noted in Article I. Removing these limitations may largely compli-
cate the disk evolution pattern. One of these limitations is that the
model neglects the dust evaporation and gas dissociation/ionization
processes occurring at high temperatures. Figure 9 (middle panel)
shows the evolution of the equatorial temperature distribution and
marks the regions with temperatures above 1500 K, in which the
dust evaporation processes become important. Obviously, these re-
gions concentrate in the disks inner parts and manifest themselves
more conspicuously at initial times. They are seen to partially over-
lap the convectively unstable regions, which situation should of
course affect the disk evolution pattern. Meanwhile, the convec-
tively unstable region is wider in space and time, which is why the
conclusions from the model under consideration remain relevant.
Another limitation of the model resides with its neglect of
the disks self-gravitation (Eq. (1) is valid for the Keplerian disk).
However, as seen from Fig. 6, the disk mass in the early stages
of evolution is comparable with the stellar mass. Figure 9 (bottom
panel) shows the distribution of the Toomre parameter (Safronov
1960; Toomre 1964): Q =
csΩ
piGΣ
, where cs is the velocity of
sound and Ω is the Keplerian angular velocity. Low values of
this parameter (Q < 1) indicate gravitationally unstable regions.
Evidently, these regions appear at initial times of the evolution
(t < 0.5 Myr) in the disks outer parts (R > 50 AU). The appear-
ance of these regions should also affect the disk evolution; i.e.,
the disk should develop spirals and fragments, whose interaction
with one another and with the disk creates complex variations (see,
e.g., (Vorobyov & Pavlyuchenkov 2017)). Thus, at initial times in
the evolution, convection may be complicated by other, possibly
more complex, governing processes.
5 CONCLUSIONS
According to Article I, convective instability can lead to nonsteady
accretion onto the star in a PD. However, this conclusion was there
illustrated only by one model with a fixed set of parameters. In this
work, we investigated how the model parameters affect the onset
of episodic accretion and studied the pattern of this accretion at
different matter inflow rates from the envelope and for different
accumulation regions in the disk. The results from these models
can be summarized as follows:
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• Depending on the matter inflow rate from the envelope onto
the disk, we can identify three main accretion regimes: (a) low in-
flow: no convection occurs and accretion is monotonic; (b) moder-
ate inflow: convectively unstable regions arise periodically, which
leads to nonsteady (burst-like) accretion; and (c) high inflow: the
disks inner regions may become completely convective, which
leads to a weakly oscillating pattern of accretion due to instabili-
ties behind the accumulation region of the disk.
• Burst parameters (maximum intensity, duration, and period)
depend on the matter inflow rate and the position of the accumu-
lation region. Thus, with an increase in the external inflow, we see
an increase in the intensity and frequency of the bursts. A shift of
the accumulation region towards the center leads to an increased
frequency and decreased duration of the bursts.
• The onset of episodic accretion is a stable manifestation of the
disk model used in the study. Specifically, if the background viscos-
ity and convection efficiency are reduced by an order of magnitude,
this change does not make the bursts disappear yet modifies them.
In addition to this analysis, we modeled the longterm evolution
of the disk, including a variable matter inflow from the envelope
W (R, t). This calculation enabled us to trace the disk evolution from
the first luminosity bursts to their complete termination and gradual
depletion of the disk. Based on the calculation results, we made the
following conclusions:
• An important effect of the disk evolution from the perspec-
tive of periodic accretion manifestations is the mass accumulation
process in the disk due to matter inflow from the envelope. In the
first million years, the disk accumulates considerable mass, and the
subsequent disk evolution is defined by the redistribution of this
mass rather than by accretion from the envelope, which becomes
negligible.
• The disk soon becomes convectively unstable and remains so
for almost 4 Myr. Meanwhile, the instability captures an area of
several tens of astronomical units and then gradually decreases.
• Burst parameters (intensity, duration, and frequency), as well
as their shape, change with time, which is associated with a change
in the disk mass and the integral flow of matter through it. The
bursts may take very bizarre shapes.
We also illustrated the model limitations the calculations provide
conditions for a gravitational instability to arise as well as for high-
temperature regions where dust evaporation is expected. These pro-
cesses are neglected in the model. Moreover, the model has several
other limitations, which were detailed in Article I. Therefore, the
results presented are largely qualitative in nature. Specifically, in
the early phases of the disk evolution, convection can coexist with
other, possibly more intense, processes. We believe that further in-
vestigation of the convection role should rely on more consistent
models, which will consider hydrodynamic effects, dust evapora-
tion, and gas dissociation and ionization processes.
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Figure 9. Top panel: the long-term evolution of the radial surface-density
distribution. The crosshatching indicates the regions that became con-
vectively unstable. Middle panel: the evolution of the radial equatorial-
temperature distribution. The crosshatching indicates the regions where
temperature exceeded 1500 K at its maximum. Bottom panel: the distribu-
tion of the Toomre parameter Q. The values of Q > 2 are shown in red. The
values of Q < 1 (shades of blue) indicate gravitationally unstable regions.
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